INTRODUCTION
In the past few years, massively parallel (or "next-generation") sequencing has enabled simultaneous capture and multiplexed sequencing of many cancer-predisposing genes, thus increasing the efficiency of testing and reducing its cost. [1] [2] [3] [4] Analysis indicates that panel testing for colorectal cancer and polyposis with current technology is very likely to be cost-effective. 5 However, early approaches to simultaneous sequencing of many genes have yielded many reports of "variants of uncertain significance" (VUS), [6] [7] [8] [9] [10] [11] [12] which again leave clinicians and patients uncertain about how to proceed.
Strategies and data sources used for variant classification in cancer panel testing have been improving rapidly. We report our experience of applying a rigorous and practical approach to classify genetic variation identified by multigene testing for cancer predisposition. We applied the guidelines of the International Agency for Research on Cancer (IARC), 13 with individual scrutiny of every variant in every patient in the context of their personal and family histories. Multiple experts reviewed every case by taking into account the a priori likelihood of variant pathogenicity, features, and predicted consequences of the variant (all known functional information) and the personal and family histories of the patient. 14 Expert review of each variant was first independent and then in consensus conference. We report here the application of this approach to 1,462 sequential patients with a wide variety of simple and complex clinical presentations who were tested using our multigene panels BROCA and ColoSeq. Purpose: Screening multiple genes for inherited cancer predisposition expands opportunities for cancer prevention; however, reports of variants of uncertain significance (VUS) may limit clinical usefulness. We used an expert-driven approach, exploiting all available information, to evaluate multigene panels for inherited cancer predisposition in a clinical series that included multiple cancer types and complex family histories.
Methods: For 1,462 sequential patients referred for testing by BROCA or ColoSeq multigene panels, genomic DNA was sequenced and variants were interpreted by multiple experts using International Agency for Research on Cancer guidelines and incorporating evolutionary conservation, known and predicted variant consequences, and personal and family cancer history. Diagnostic yield was evaluated for various presenting conditions and familyhistory profiles.
Results: Of 1,462 patients, 12% carried damaging mutations in established cancer genes. Diagnostic yield varied by clinical presentation. Actionable results were identified for 13% of breast and colorectal cancer patients and for 4% of cancer-free subjects, based on their family histories of cancer. Incidental findings explaining cancer in neither the patient nor the family were present in 1.7% of subjects. Less than 1% of patients carried VUS in BRCA1 or BRCA2. For all genes combined, initial reports contained VUS for 10.5% of patients, which declined to 7.5% of patients after reclassification based on additional information. Subjects were 1,462 sequential patients referred for testing of germline DNA with the BROCA or ColoSeq gene panels between November 2011 and June 2014. Clinicians ordered one of the two gene panels based on their judgment. Clinicians also had the option to order targeted sequencing of individual genes or subsets of genes, but this study included only patients for whom either the entire ColoSeq panel or the entire BROCA panel was ordered. Patient and family histories were requested from the providers but were not required for inclusion in this analysis. After removing identifiers, data from patients were extracted from the laboratory database. The analysis and publication plan were discussed with the University of Washington Human Subjects Division and were determined to be consistent with ongoing quality assurance and improvement activities for clinical genetic testing.
Gene capture panel design
In 2009, we developed the BROCA multigene panel for testing inherited predisposition to breast cancer and ovarian cancer in the research laboratory. 1, 2 In November 2011, we developed the ColoSeq panel, modeled on BROCA, for testing inherited predisposition to colon cancer and polyposis in the clinical setting. 3 Beginning in July 2012, genetic testing using BROCA was offered as a clinical service in addition to its research role, with BRCA1 and BRCA2 included in clinical testing in June 2013. At the conclusion of the study, the BROCA panel included 48 genes 15 and the ColoSeq panel included 20 genes. 16 Levels of evidence for inclusion varied between genes and between different classes of variants within genes. For both panels, capture includes all exons, 5′ and 3′ untranslated regions, and nonrepetitive portions of introns. Including the intronic sequence enables identification of all sizes of genomic deletions and duplications and of complex genomic events. Total targeted genomic DNA is 1.1 MB.
High throughput sequencing and sequence data analysis
Sequencing, alignment, and variant identification for ColoSeq and BROCA are described in detail elsewhere. 1, 3 Briefly, germline genomic DNA is extracted from blood or tissue samples provided for clinical testing. DNA is fragmented, purified, and ligated to Illumina sequencing adapters (Illumina, San Diego, CA). These libraries are amplified and hybridized to a custom library of cRNA capture probes (SureSelect, Agilent Technologies, Santa Clara, CA). After washing and additional PCR amplification, equimolar portions of DNA from each patient are pooled, cluster amplified, and sequenced on a HiSeq2500 (Illumina). Variants (single nucleotide polymorphisms, insertions and deletions, and structural variants) are called against human genome reference sequence hg19 as described elsewhere (see Pritchard et al. 17 , Figure 1 for diagram of informatics pipeline). 1, 3 The accuracy of high-depth variant calls has been extensively validated and calls are confirmed using alternate methods only in specific situations when there is a question about the validity about variant calls, such as in the pseudogenized region of PMS2.
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Interpretation of variants
Variant interpretation was based on the IARC guidelines, which emphasize the importance of information from multiple sources to calculate probabilities of pathogenicity and estimate these probabilities if it is impossible to quantify all relevant information. 13 The IARC suggests that, in interpreting estimated probability of pathogenicity (P), variants with P > 0.99 should be considered pathogenic, those with 0.95 < P < 0.99 likely pathogenic, those with 0.05 < P < 0.95 of uncertain clinical significance, those with 0.01 < P < 0.05 likely benign, and those with P < 0.01 benign.
We used all available sources of primary information on variants to inform variant classification. Estimates of probabilities of pathogenicity depend on multiple features of variant type and gene, and the definition of pathogenicity itself is arbitrary. We focused on variants that yield at least a twofold increase in lifetime cancer risk. (The exceptions to this rule are a small number of variants extensively documented to convey real increases in risk of approximately 1.5-fold, such as CHEK2 p.I157T.) Thus, for BROCA and ColoSeq genes already established as predisposing to cancer, we classified as pathogenic all newly encountered variants with effects likely to be equivalent to previously characterized pathogenic variants. This class included truncating mutations, with the exception of truncations in the same exon as, or in 3′ of, a known polymorphic stop (e.g., BRCA2 p.3326X). Pathogenic truncating mutations could be the result of frameshift or nonsense mutations or of large genomic deletions or duplications leading to stops.
Similarly, splice site variants shown experimentally to lead to truncations in cancer-predisposing genes were classified as pathogenic. Variants within 10 bp of splice junctions were evaluated using NNsplice, and exonic synonymous and nonsynonymous variants were evaluated using NNsplice and Rescue ESE. Variants predicted to have no effect on splicing were classified as benign. Variants predicted to lead to splicing errors on initial analysis combined with follow-up analysis with Spliceman, SKIPPY, or ESE finder (Supplementary Table S2 online), but without experimental evidence, were classified as being of uncertain significance. In-frame deletions, as a result of either genomic deletion or splicing alteration, that were known to occur as alternate naturally occurring transcripts were classified as benign.
For missense variants and in-frame deletions of conserved residues, we assessed probabilities of pathogenicity using the following multiple sources of information: predicted cancer predisposing effects; published genetic, epidemiologic, and biological evidence for individual alleles; in silico prediction tools SIFT, PolyPhen, and GERP; and allele frequencies from public sequence databases. We also considered variation profiles of the protein or protein domain harboring each missense and applied assessments of tolerance of functional variation that have been developed for BRCA1, BRCA2, ATM, and CHEK2 (refs. 19,20) and more generally (refs. 21, 22 ). We postulated that the great majority of amino acid variation that already exists in the general population is neutral or close to neutral. Thus, if in a protein domain there is no evidence for a functional effect of any existing amino acid variation, the likelihood is very low that a newly encountered amino acid substitution in the same domain that disrupts protein conservation to a similar extent will have a functional effect. By contrast, if a protein domain harbors little variation in the general population, and some previously encountered variants are known to be damaging, then the likelihood that a similar newly encountered missense will have a functional effect is much higher. For example, newly encountered missense mutations in PTEN, CHEK2, and PALB2 have very different probabilities of pathogenicity. The same logic applies to different domains within the same protein. When classifying missenses, it is important to consider these profiles because, in the absence of such considerations, uncharacterized missenses may be declared VUS by default. Because an average of two rare exonic variants per individual are expected in the 1.1 MB of sequence captured for each of our patients, 10, 23 a very large proportion of reports could include VUS that would more accurately be considered likely benign.
Missenses with experimental evidence for loss of gene function or epidemiologic evidence for cancer predisposition were classified as likely pathogenic. Based on the approach described above, missenses predicted to be damaging by either PolyPhen or SIFT, but without functional or epidemiologic characterization, were classified as of uncertain significance if located at a highly conserved residue in a domain harboring at least one known damaging missense. By contrast, missenses consistently predicted by bioinformatics tools to be benign, or located at nonconserved sites, or located in domains or regions with considerable polymorphic variations and no known damaging mutations were classified as likely benign. For example, the BRCA1 RING domain is highly conserved, with several documented pathogenic missense changes, consistent with comprehensive functional analysis. 24 However, exon 11 of BRCA1 is not highly conserved, has few pathogenic missense changes, and has more than 300 benign missense variants. The estimated likelihood that a missense variant in exon 11 of BRCA1 is pathogenic is on the order of 1 in a 100. Thus, without additional data, a novel missense in the BRCA1 RING domain is classified as VUS, but a novel missense in BRCA1 exon 11 is classified as likely benign.
Consensus review and reporting process
A review of variants was performed in two steps by experts from medical genetics, cancer genetics, and molecular pathology, each with extensive experience with a subset of the BROCA or ColoSeq genes. In the first step, each of two to four reviewers independently evaluated primary calls for all variants, flagging any that were potentially pathogenic. All reviewers had access to all variant calls and to the aligned sequence. In the second step, three to five reviewers discussed all flagged variants and developed a consensus classification for each one. Variants classified as pathogenic or likely pathogenic were reported to clinicians and patients as positive results, VUS were reported as such, and benign or likely benign variants were not reported. Positive results and VUS will be added to the ClinVar database. Variants are reviewed continuously as they appear in new patients and when database upgrades are released.
ResULTs
Patient characteristics
The study sample consisted of 1,462 patients; 396 underwent ColoSeq testing and 1,066 underwent BROCA testing. For more than 95% of patients, tests were ordered by medical geneticists or genetic counselors, with the remainder ordered by oncologists or primary-care physicians. At least some family-history information was available for 1,455 (99%) of patients. More than 80% of patients had a personal history of cancer or a cancer-associated lesion ( Table 1) , with 12% of patients reporting a personal history of more than one type of cancer. A complex family cancer history-defined by multiple cancer types in proband and first-degree relatives that would not be explained by a single genetic mutation in an established cancer gene-was present in 44% of patients.
Positive results
Of the 1,462 patients, 179 (12.2%) carried a pathogenic or likely pathogenic mutation in a known cancer gene. These patients included 134 (9.2%) with a mutation in a gene predisposing to their clinical condition. The proportion of patients with positive results varied by presenting clinical indication ( Table 2) . Of patients with a personal history of breast cancer and no previous genetic testing, 13% had a positive result. Of patients with a personal history of breast cancer and previous commercial testing of BRCA1 and BRCA2, 7% had a pathogenic or likely (Table 2) , consistent with previous reports that a substantial portion of inherited predisposition to breast cancer is due to genes other than BRCA1 and BRCA2. 1, [25] [26] [27] Of patients with a personal history of ovarian cancer, 13% had a positive result in any one of 9 different genes. Of patients with a personal history of colorectal cancer, 13% had a positive result in any one of 10 different genes, and approximately half were in Lynch syndrome genes. Of patients with endometrial cancer, 21% (9/43) had a positive result, as did 21% (4/21) of patients with pancreatic cancer; both occurred in any one of multiple genes ( Table 2) .
Results not apparently related to personal cancer history
In the 20 (1.4%) patients with a mutation predisposing to cancer in their family but not related to their personal history, positive results were distributed both across multiple types of cancer (Table 1 and Supplementary Table S1 online) and across multiple genes ( Table 2) . Of the 258 patients without personal cancer history who were tested only because of family cancer history, we identified 10 (4%) individuals with positive results related to their family cancer history. For the 25 (1.7%) patients with positive results that were incidental to both personal history and family history, positive results were also distributed across multiple genes ( Table 3) . Several patients with incidental findings had little or no known family history. It is possible that some apparently incidental findings were in fact related to history not reported to us.
VUs
Initial reports contained VUS for 157 (10.5%) of the 1,462 patients. After reclassification based on additional information that became available during the course of the project, 109 persons (7.5%) carried VUS. These events were distributed across 15 genes ( Table 4 and Supplementary Table S1 online). VUS in colon cancer genes were more frequently missenses, whereas VUS in breast cancer genes were more frequently at splice sites. These differences reflect both gene-specific differences in biology and differences in the extent of experimental characterization. The evolving nature of VUS assignments was also reflected in our experience with follow-up review. For 45 patients, variants originally reported as VUS were later reclassified as likely benign. Seven of these were splice variants, 36 were missenses, and two were initiator codon variants. For three patients with mutations affecting splicing, VUS were reclassified as pathogenic after experimental evaluation of patient RNA (Supplementary Table S2 online). Of the 109 remaining VUS, 22 (20% of VUS and 1.5% of 1,462 patients) were unambiguously damaging mutations in any of 11 different "emerging genes" (ATR, CHEK1, FAM175A, GALNT12, GEN1, MRE11A, POLE, POLD1, RAD51B, RAD51D, and XRCC2). Reports of these mutations indicated the present status of information about these genes with respect to inherited predisposition to cancer.
splice effects
Seventeen patients harbored variants that were predicted by in silico tools to alter splicing but that had not been characterized experimentally (Supplementary Table S2 online). For 7 of these 17 patients, we were able to obtain RNA and test splicing directly. Of these seven variants, three led to exon deletions and stops, one led to an in-frame deletion, and three led to normal splicing. These were reported as positive, VUS, and benign, respectively. Predicted splice variants with no experimental analyses were reported as VUS.
structural variants
Fourteen patients carried structural genomic changes, identified by BROCA and ColoSeq, that led to truncation or complete gene deletion. These positive results were in nine different genes and represented 8% of all damaging mutations. Several of these alterations are unlikely to have been detected by less comprehensive sequencing approaches, as we previously reported.
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DIsCUssION
A multi-institution consensus process is the ideal solution for definitive classification of variants, and efforts to develop consensus classification of variants in critical disease-predisposing genes are presently in progress. [29] [30] [31] The present report represents our experience with multigene panel testing for 32 We did not compare the IARC and ACMG variant-interpretation frameworks using our sample because appropriate application of either requires substantial judgment at multiple steps, and because parsing differences in guidelines from the judgment of experts applying those guidelines was outside the scope of our study. Variations in classification in previous reports of multigene panel testing indicate that differences in the application of guidelines probably contribute more to variability in reporting than to differences in the guidelines themselves. [6] [7] [8] [9] [10] [11] [12] The proportion of our patients with positive results is similar to that in previous reports. [9] [10] [11] However, earlier studies of clinical testing using multigene panels reported higher VUS rates (between 15 and 88% of results [6] [7] [8] [9] [10] [11] [12] ), in contrast to the 7.5% in our series. Variant classification for multigene panel testing is rapidly improving, so it is not possible to directly compare methodologies. Improved reporting or duplicate testing would be needed to directly compare performances between diagnostics laboratories. No previous reports have included detailed lists of variants classified as being of "uncertain significance" or detailed data from efforts to resolve these VUS, making it impossible to evaluate the classification of specific variants or collate preliminary information regarding potentially causative mutations in emerging genes. This is a major limitation of previous studies that prevents the accurate evaluation of diagnostic panel performance and slows potential improvement in clinical diagnostics that may come from expanded genetic screening. Reporting in public databases, such as ClinVar, is important, but it does not obviate the need for more complete reporting in the scientific literature.
Some VUS that we have reported are clearly deleterious variants in emerging genes where the uncertainty is at the level of the gene, not at the level of the variant. These might be identified as a separate category because the nature of uncertainly is different. For example, in POLE, few variants have been convincingly associated with colorectal and endometrial cancer, but most types of variants in many domains have not been evaluated ( Table 4) . For emerging genes, algorithm-based variant classification runs the risk of overcalling pathogenic variants when evidence in the scientific literature does not support altering clinical management; 33, 34 however, not testing runs the risk of missing findings that are clearly actionable. Careful reporting of data for rare variants in these genes is critical for optimal patient care. Given the intensity of research on genes suspected to be associated with cancer predisposition, uncertainty for many emerging genes is likely to be resolved soon.
23 Table 4 Variants of uncertain significance 
